Combined analysis of electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) has the potential to provide higher spatiotemporal resolution than either method alone. In some situations, in which the activity of interest cannot be reliably reproduced (e.g., epilepsy, learning, sleep states), accurate combined analysis requires simultaneous acquisition of EEG and fMRI. Simultaneous measurements ensure that the EEG and fMRI recordings reflect the exact same brain activity state. We took advantage of the spatial filtering properties of the bipolar montage to allow recording of very short (125-250 ms) visual-evoked potentials (VEPs) during fMRI. These EEG and fMRI measurements are of sufficient quality to allow source localization of the cortical generators. In addition, our source localization approach provides a combined EEG/fMRI analysis that does not require any manual selection of fMRI activations or placement of source dipoles. The source of the VEP was found to be located in the occipital cortex. Separate analysis of EEG and fMRI data demonstrated good spatial overlap of the observed activated sites. As expected, the combined EEG/fMRI analysis provided better spatiotemporal resolution than either approach alone. The resulting spatiotemporal movie allows for the millisecond-to-millisecond display of changes in cortical activity caused by visual stimulation. These data reveal two peaks in activity corresponding to the N75 and the P100 components. This type of simultaneous acquisition and analysis allows for the accurate characterization of the location and timing of neurophysiological activity in the human brain.
INTRODUCTION
Functional magnetic resonance imaging (fMRI) and electroencephalography (EEG) detect two fundamentally different physiological phenomena reflecting brain activity. fMRI typically measures changes in the blood oxygenation due to neuronal activity (Kwong et al., 1992; Ogawa et al., 1992) , whereas EEG measures the electric potential directly generated by neuronal activity (Berger, 1929; Regan, 1989) . The fMRI (hemodynamic) and EEG (electromagnetic) measurements are complementary in their spatiotemporal resolutions. fMRI has high spatial resolution, typically on the order of millimeters (Belliveau et al., 1991; Moonen and Bandettini, 1999) , whereas EEG has millisecond temporal resolution (Regan, 1989) .
Although separate measurements of fMRI and EEG will be adequate for many situations, simultaneous acquisition is necessary when the activity of interest cannot be easily reproduced. In epilepsy patients, for example, spontaneous interictal activity (epileptiform activity between seizures) may vary from spike to spike, which may reflect different cortical generators. Simultaneous EEG/fMRI recordings (Huang-Hellinger et al., 1995; Warach et al., 1996; Seeck et al., 1998; Krakow et al., 1999) have been used to measure the interictal activity with the hypothesis that interictal epileptiform discharges are likely to produce a focal change measurable by fMRI (Ives et al., 1993) . These studies recorded interleaved EEG and fMRI to monitor for the presence of interictal activity without, however, localizing the EEG activity.
Other studies have combined the analysis of hemodynamic and electrophysiological data that were collected separately. These studies include (a) positron emission tomography (PET) and EEG (Heinze et al., 1994; Snyder et al., 1995; Heinze et al., 1998) , (b) fMRI and EEG (Menon et al., 1997; Opitz et al., 1999) , (c) fMRI and magnetoencephalography (MEG) (George et al., 1995; Ahlfors et al., 1999; Korvenoja et al., 1999) , (d) fMRI, MEG and EEG (Belliveau, 1993; Belliveau et al., 1993; Morioka et al., 1995) , (e) fMRI, EEG, and invasive recordings (Luck, 1999) , and (f) PET, MEG, and invasive recordings (Lamusuo et al., 1999) . All of these studies primarily used the spatial information from the functional imaging data to guide the placement of current dipoles for the EEG and/or MEG inverse solution. This type of "combined" analysis typically requires significant manual intervention, since one must decide in which regions of the fMRI activation a dipole is to be "placed."
This paper presents a complete spatiotemporal image analysis using: (i) interleaved EEG/fMRI recordings, (ii) a realistic forward head model, and (iii) combined analysis with fMRI as a constraint to localize EEG data. We collected evoked response potentials to a visual stimulus during fMRI at 1.5-T. Both types of data were of sufficient quality to allow source localization. Importantly, our combined fMRI/EEG inverse procedure allowed the incorporation of a spatial information prior provided by fMRI (Liu et al., 1998) , without any subjective dipole placement (Dale et al., 2000) .
MATERIALS AND METHODS

Subject Information
Two normal volunteers were scanned (one male, one female, ages 28 and 32). Informed consent was obtained from each subject prior to the experiment in accordance with Massachusetts General Hospital policies (IRB 1999-P-010946/1; MGH). Both subjects have normal or corrected to normal vision.
Visual Stimuli
The visual stimulus consisted of 15 s of a full-field checkerboard pattern reversing at 4 Hz (Subject DS) or 8 Hz (Subject NH) (corresponding to intervals of 250 and 125 ms between reversals, respectively), followed by 15 s of uniform gray field. In all conditions, a central fixation spot was present. The 10 ϫ 10 black and white checkerboard pattern (25°ϫ 25°) was rear-projected by a color LCD projector, through a collimating lens onto an acrylic screen (40°ϫ 25°). The screen was positioned inside the MRI magnet, immediately below the subject's jaw. A mirror was interposed between and oriented approximately 45°to the screen and the subject's line of sight.
Anatomical MRI Acquisition
Anatomical MRI was performed using a quadrature birdcage transmit/receive head coil on our 1.5-T scanner (General Electric, Milwaukee, WI). For each subject, three whole-head acquisitions were collected using a T1-weighted 3D-SPGR (TR/TE ϭ 24 ms/8 ms)
FIG. 1.
The sequence used for interleaved EEG/fMRI recordings. The triggers that are delivered to the EEG recording system (EEG trigger) and the triggers that are delivered to the 1.5-T scanner system (fMRI trigger) are depicted, and on the top is a sketch of the stimulus presentation. "RT" indicates the delay needed for the recovery time of the amplifiers from the transients generated during scanning, due to the influence of RF and magnetic gradient switching. "TO" is the fMRI pulse sent to the scanner to avoid time-out (machine specific). This sequence is repeated 15 times in each run to collect a total of 1200 epochs.
FIG. 2.
The MRI signal using our gradient echo sequence at an arbitrary voxel. This time course shows the overshoot problem due to lack of equilibrium for the spins at the beginning of the fMRI window. We selected a voxel without activation to show that the overshoot is much larger than the common fluctuations of the BOLD signal.
sequence with 124 slices, 1.3 mm thick (matrix size 256 ϫ 192, FOV 25 cm). The individual acquisitions were motion corrected and averaged to increase gray/ white matter contrast to noise ratio using MEDx software.
Functional MRI Acquisition
Functional MRI was performed with the same 1.5-T scanner and head coil used for the anatomical MRI acquisition. The first echo-planar sequence was a T1-weighted spin echo inversion recovery (TR/TE/TI ϭ 2 s/20 ms/800 ms) used to acquire 10 slices (7 mm thick, 1-mm gap, 1.56 ϫ 1.56 mm in-plane resolution) oriented perpendicular to the calcarine fissure. These images were later used to coregister the functional data with the subject's anatomical MRI set. Functional MRI data were acquired from those same slices using a gradient echo sequence (TR/TE ϭ 1000 ms/50 ms) with the same slice thickness and gap, but 3.1 ϫ 3.1 mm in-plane resolution. We have designed our own gradient echo sequence adapted for interleaved fMRI and EEG acquisition (Fig. 1) . Designed specifically for VEP acquisition, the sequence allows for 30 s of continuous fMRI acquisition, followed by a window of 30 s without MRI scanning for clean EEG acquisition. Both fMRI and EEG windows were structured to include 15 s of checkerboard reversal visual stimulation followed by 15 s of fixation. This interleaved EEG/fMRI sequence cycles for 15 min for each run and data were collected from each subject for a total of two runs or 450 fMRI time points. Approximately 500 VEP epochs were selected and averaged. Figure 1 shows the timing diagram for the fMRI and EEG triggers used. All triggers were generated using the two serial ports of our SGI-O 2 computer (Silicon Graphics, Mountain View, CA). One of the two external triggers was sent to the MRI scanner and was used to achieve accurate synchrony with the EEG trigger. An extra trigger pulse was sent to the scanner during the EEG window to compensate for a time-out problem specific to the General Electric (GE) Signa 1.5-T with LX computer console. The LX system would lapse into a lockout state whenever trigger signals were sent to the GE scanner with a delay longer than 20 s. Therefore, a trigger pulse was sent to the MRI scanner after approximately 19 s from the beginning of the EEG window to avoid this time-out glitch. This pulse was sent during fixation in the EEG window and did not interfere with the EEG acquisition. Our current system is a 1.5-T whole-body Symphony/Sonata imager (Siemens Medical Systems, Iselin NJ) that does not suffer from any time-out problem.
fMRI Analysis
At the beginning of each fMRI window, the spins have relaxed to a resting state after more than 10 s without RF excitation during the EEG window. Statistical analysis of the MRI signal was done after removing the first five time points from each fMRI window, given the initial lack of equilibrium of the spins in each slice (Ernst et al., 1990) . Figure 2 shows this problem in detail: at the beginning of each fMRI window the spins are completely relaxed and require several pulses to reach a new equilibrium. In a previous study, we found that it is sufficient to discard the first five time points at the beginning of each fMRI window (Bonmassar et al., 1999b) . A possible solution (Edmister et al., 1999) to reduce this wasted time is to maintain the spins in equilibrium by using only RF-pulse excitations during the EEG window. However, we found that either generating only RF pulses or switching on the gradients alone would cause severe artifacts on the EEG traces, thus deteriorating the quality of the visualevoked potentials (VEPs) collected during the EEG window. 
FIG. 4.
Boundary surfaces used in the three-shell model to compute the forward solution using a boundary element method (Subject NH).
We applied a Gaussian smoothing kernel (FWHM of 1 voxel) to the raw fMRI data. Then, the fMRI data were analyzed using the standard Student t test (MEDx, Sensor Systems, Sterling, VA), comparing fixation to checkerboard visual stimulation. The standard MEDx algorithm for cluster analysis was used with a Z score threshold of 2.3; the details of this method can be found in Friston et al. (1994) . Talairach coordinates were determined using MEDx.
EEG Acquisition
Continuous EEG was recorded inside the 1.5-T magnetic field with a 32-channel OptiLink EEG (Neuro Scan Labs, Sterling, VA), amplified using SynAmps (Neuro Scan Labs). All subjects wore a modified 32-channel MRI-compatible Quickcap (Neuro Scan Labs). We exploited the benefits of the spatial filtering properties (Bonmassar et al., 1999a) of the bipolar montage to reduce ballistocardiogram noise (Schomer et al., 2000) . All EEG recordings were short-chained bipolar from the modified cap. We modified the MRI-compatible Quickcap to obtain the following bipolar montage (Ϫ) 3 (ϩ): 1.Cz 3 C3 2.C3 3 T7 3.T7 3 M1 4.M1 3 M2 5.M2 3 T8 6.T8 3 C4 7.C4 3 Cz 8.FP1 3 F3 9.F3 3 FC3 10.FC3 3 C3 11.C3 3 CP3 12.CP3 3 P3 13.P3 3 O1 14. We examined both structural and functional scans for possible local artifacts in the MRI due to the presence of the EEG cap on the subject's head. Figure 3 shows that the position of electrodes is visible in the structural scans as signal dropout, but the contrast of the brain's parenchyma was not affected by the presence of the electrodes (Bonmassar et al., 2001) .
The data were acquired with a PC (400-MHz Pentium PII) running the Scan acquisition software (Neuro Scan Labs). Bandpass filtering was performed from 0.5 to 70 Hz, and a subsequent 50-Hz Butterworth lowpass IIR filter with a Hanning window ( 1024   FIG. 5 . Bipolar-montage visual-evoked potentials collected from Subject NH, positive in the upward direction, collected during fMRI at 1.5 T. The channel Pz 3 Oz demonstrates the N1 and P1 components.
FIG. 6.
Spatial scalp distribution of visual-evoked potentials collected from Subject NH. Potentials are displayed in V units (i.e., ranges from Ϫ6 to 6 V). Distributions of scalp potentials at the N75 peak (left) and at the P100 peak (right) were collected during interleaved EEG with fMRI scanning.
points) was applied. The sampling rate was 1000 Hz per channel. The SGI-O 2 workstation generated the visual stimulus and sent synchronized triggers to the scanner. Trigger signals were also sent to the SynAmps to tag the stimulus events for subsequent binning, temporal epoching, and averaging of EEG data into the relevant EP averages according to stimulus type and experimental condition. The electrode positions were digitized using a Fastrack 3D digitizer (Polhemus, Colchester, VT). Before applying the linear estimation algorithm, we discarded three to five noisy channels based on visual inspection.
The interval between contrast reversals was 125 ms for Subject NH and 250 ms for Subject DS; 1200 epochs were collected for each subject. This short epoch duration ( 
Forward Solution
We used a realistic boundary element method for calculating the EEG forward solution (de Munck, 1992; Oostendorp and van Oosterom, 1992) . The EEG forward solution computation requires conductivity boundaries (we used three boundaries, (1) inner skull boundary, (2) outer skull boundary, and (3) outer skin boundary, as shown in Fig. 4) , the relative conductivities for each region, the locations of all possible sources, and the EEG electrode locations. All surfaces were automatically reconstructed from the structural MRI acquisition using a previously described technique (Dale and Sereno, 1993; Dale et al., 1999; Fischl et al., 1999) . Six hundred forty-two vertices represent each conductivity boundary. Typically, the cortical surface is initially tessellated with about 150,000 vertices per hemisphere. This representation of the cortical surface is used for display. For the inverse computation, the cortical surface is decimated to approximately 3000 dipoles per hemisphere, which is roughly equivalent to 1 dipole every 10 mm along the cortical surface. We used conductivity ratios for brain:skull:scalp of 1:0.0125:1 (Cuffin, 1990) .
Since the volume conductor is within a large magnetic field, we estimated the correction to the conductivity in the brain due to the Hall effect (Purcell, 1965) and found that it is negligible. For the range of frequencies that we are interested in (Ͻ100 Hz, quasistatic approximation of Maxwell's equations) cells are poorly conductive with respect to the surrounding electrolyte. Hence, only the extracellular fluid is available to current flow. Current flow is given by the net sum between drift and diffusion current and is composed of water, ions, etc. The diffusion term is vanishingly small since the extracellular concentration gradient of ions is basically zero everywhere. The interaction of high magnetic fields with all the different electrolytes is highly complex. To estimate a first-order correction to the brain's conductivity due to the Hall effect, we will consider only the two ions with highest concentration in the brain: Na ϩ and Cl Ϫ . The contribution of drift currents to the Hall effect electric field is
The average drift velocities due to the presence of the electric field E ᠬ in the brain are given by
FIG. 7. Spatial localization of the fMRI (A), EEG alone (B)
, and fMRI-constrained EEG (C). The activity is displayed on the medial aspect of the pial surface of the left (Subject DS) and right (Subject NH) hemispheres. B and C are temporally collapsed over the entire VEP window using the maximum value. Color scale for fMRI refers to Z score values. Color scale for EEG and EEG/fMRI is in positive arbitrary units and refers to dipole power.
Typical values of ion mobility are Na ϭ 5.2 ⅐ 10 Ϫ8 m 2 /V s and Cl ϭ 7.9 ⅐ 10 Ϫ8 m 2 /V s (Barnes, 1996) . The contribution of the Hall electric field for each ion in terms of the external electric field is E ᠬ H Na ϭ Ϫ7.8 ⅐ 10 Ϫ8 E ᠬ and E ᠬ H Cl ϭ Ϫ11.9 ⅐ 10 Ϫ8 E ᠬ . The resulting total current is
( 1.3) We introduce the correction expression as an additive conductivity term,
and by combining Eq. (1.2) and Eq. (1.3),
H ϭ 4.1 10 Ϫ8 for B ϭ 1.5-T, assuming the worst case of 90°angle between the external imposed magnetic field and the direction of ionic drift velocity. This means that in practice one can neglect the Hall effect since the error is extremely small compared with other errors in the forward realistic head model.
Inverse Solutions
We used a linear estimation approach (Hamalainen and Ilmoniemi, 1984; Sarvas, 1987; Wang et al., 1992; Dale and Sereno, 1993; Hamalainen et al., 1993; Liu et al., 1998) to localize the brain activity underlying the EEG data. Information about the shape of the cortical surface was used to constrain the location of the EEG generators (Dale and Sereno, 1993; Liu et al., 1998; Dale et al., 2000) . In order to reduce the spatial point spread of the activity maps, the estimates were noisenormalized (Dale et al., 2000) , yielding dynamic statistical parametric maps of the evoked spatiotemporal brain activity. The source localization was performed separately using the EEG data alone (with anatomical constraints only) and separately using both anatomical and fMRI constraints, as described in Liu et al. (1998) and Dale et al. (2000) . We computed an optimal linear inverse operator (W), which maps the external electromagnetic field measurements (x) into estimated source activities (ŝ) within the brain. This inverse operator explicitly minimizes the expected error between the estimated and the actual activity distribution (s). The calculation incorporates the forward solution (the gain matrix A), a priori fMRI spatial constraints (the source covariance matrix R), and EEG sensor noise characteristics (the noise covariance matrix C). We constrained the source locations, but not the source orientations, by the cortical surface. The expression for the inverse operator is
This linear inverse operator provides an estimate of source activity for each time point independent of the other time points. Then, the estimated source activities are given by the simple expression
When analyzing the EEG data alone, we have no prior spatial information, and thus R is the identity matrix. For the fMRI-constrained solution, R is constructed as follows: diagonal elements of R corresponding to locations showing fMRI activation, according to the result of cluster analysis (Friston et al., 1994) , are set to 1 and the other diagonal elements are set to 0.1; off-diagonal elements are set to 0. These values correspond to a relative fMRI weighting of 90%, which provides robustness of the estimated solution in the face of possible fMRI misspecifications (Liu et al., 1998) . The spatial accuracy of the weighted minimum norm solution is discussed in Dale et al. (2000) , whereas estimation errors due to missing and extra sources are modeled in Liu et al. (1998) . The temporal accuracy of the fMRIweighted minimum norm estimate is not an issue since this method is essentially a spatial filter.
Representation of the Results
Both the fMRI and the EEG localization results are displayed on the reconstructed pial surface. The cortical surface reconstruction is described elsewhere (Dale and Sereno, 1993; Sereno et al., 1995; Dale et al., 1999; Fischl et al., 1999) .
RESULTS
For both subjects, we were able to record evoked potentials and fMRI and to use those measurements for localization of the cortical activity independently by both modalities. A subset of the bipolar evoked potential measurements is shown in Fig. 5 . In both subjects there were two peaks of activity (i.e., N1, P1). The spatial distribution of the scalp potentials was typical of potentials evoked by visual stimuli (Regan, 1989) , the maximum signals being measured in the occipital region (Fig. 6) .
The simultaneously collected (interleaved) fMRI results (Z scores) are displayed on the medial aspect of the pial surface in Fig. 7A . For Subject DS we present the left hemisphere and for Subject NH we present the right hemisphere. Results in both hemispheres were similar. The fMRI activity was consistently localized to the posterior portion of the calcarine sulcus. The Ta-lairach coordinates of the fMRI activity are given in Table 1 .
Using the anatomically constrained EEG measurements alone, we used the linear estimation approach to localize the cortical generators of the scalp EEG (Fig.  7B) . For both subjects, the cortical activity was localized along the entire length of the calcarine sulcus. For Subject DS the activity was primarily on the lower bank, whereas for Subject NH the activity encompassed both upper and lower banks. For each subject, the EEG localization was similar in location to the fMRI results, but larger in extent.
The fMRI (and anatomically)-constrained EEG localization results are shown in Fig. 7C . For both subjects the localizations are similar to the fMRI results but considerably more focal than the unconstrained EEG localizations. For Subject DS the two peaks of activity occurred at 71 and 125 ms. For Subject NH the first peak had a latency of 53 ms and the second, 106 ms.
Seven snapshots of the cortical activity movie (total length 125 ms, 1-ms resolution), without and with fMRI constraint, are shown for Subject NH in Fig. 8 . The peaks of activity occur at the same time for both the EEG (alone) localization and the fMRI-constrained localization. One can again see that the spatial extent of the fMRI-constrained EEG localization is more focal than the results based on EEG measurements alone.
DISCUSSION
We recorded and localized the hemodynamic and electric response of the brain to the exact same visual stimulus using an interleaved EEG/fMRI technology. As expected from model studies (Liu et al., 1998) , the combined analysis of the fMRI and EEG data estimated the cortical generators with higher spatiotemporal resolution than either technique alone.
Previous simultaneous EEG/fMRI studies recorded interictal epileptic activity, which has peak potentials well over 50 V and is visible in the spontaneous EEG recordings. These studies, however, utilized the EEG only to manually trigger the fMRI. The current study, on the other hand, demonstrates the feasibility of recording visual-evoked potentials, which are much smaller in amplitude than the raw EEG. These evoked potentials were of sufficient quality to allow cortical source localization. Furthermore, the inverse approach we used allowed us to combine directly fMRI and EEG data. We were not required to make any manual selection of dipole locations from the fMRI data.
However, there were some limitations to the interleaved EEG/fMRI technique. Primarily, the low signalto-noise ratio (SNR) of both the fMRI and the EEG may limit the range of applications. For example, currently we would be unable to study certain cognitive paradigms that do not generate relatively large changes in hemodynamics or evoked potentials. The SNR of both the fMRI and the EEG measurements is low mainly because of head movements and of the EEG amplifiers. This subject motion was partially caused by discomfort from the EEG cap (as reported by all subjects), given that the EEG electrodes were mounted on protruding plastic cups. In this 32-channel EEG cap only three occipital electrodes supported the whole weight of the subject's head. Additionally, the EEG was corrupted by noise due to other types of motion (e.g., due to breathing and heartbeat) of the closed loops that are formed by EEG electrodes, leads and skin. The motion of conductors inside a magnetic field will induce currents (i.e., noise) in those conductors as described by Faraday's law. Spatial filtering greatly reduces ballistocardiogram-induced noise (Bonmassar et al., 1999a) .
We have demonstrated that it is possible to collect interleaved EEG and fMRI, with high-enough SNR to allow for combined modality source localization. This work represents a significant advance over our previous work (Bonmassar et al., 1999a ) because here we combined fMRI and EEG data within our linear inverse estimation method to generate real-time spatiotemporal movies of brain activity. Further improvements in these technologies will provide an optimal tool to noninvasively investigate the spatiotemporal patterns of human brain activity. This includes monitoring of plasticity changes in cortex as well as detection of infrequent or nonreproducible events such as seizure or migraine.
